The proton migration in the molecular interaction is a key process in the many chemical and bio-chemical reactions.
) is an important first step in various electrophilic substitution reactions. The progress of the deprotonation reaction is expressed in Chart 1. It is well known from regio-and stereoselective studies of enolate formation from ketones that the configurations of enolates are greatly influenced by several factors, e.g., the bulkiness of the carbonyl group substituents, the properties of the base catalysts, the reaction solvent and the temperature of the reaction. 8, 9) An important consequence of this is the ability of a ketone to give enolate mixtures of different compositions, depending on whether the enolates were formed under circumstances governed by the relative rates of proton abstraction (kinetic control) or by equilibration of the various enolate anions (equilibrium control). Ϫ gives two isomeric products 3a and 4a. Also, the deprotonation of 1b with 2 gives 3b and 4b. Under conditions of kinetic control in an aprotic solution, the ratios of the yield of the enolates 3 (3a, 3b), 4a and 4b are 5.5, 1.0 and 1.2, respectively. 8) This indicates that the magnitudes of activation energy E a values of each path in Fig. 1 are path-3 (path-3a and path-3b)Ͻpath-4aԼ path-4b. Under conditions of equilibrium control in an aprotic solution, the ratio of enolates is 3 (3a, 3b): 4a : 4bϭ1.0 : 5.3 : 2.0. This indicates that the thermodynamic stabilities of enolates (as M ϩ chelated enolates) produced in an aprotic solution are 3 (3a, 3b)Ͻ4bϽ4a. 8) When the deprotonation proceeds in a protic solvent such as methanol, equilibration between enolate anions and the ketone is achieved rapidly by a large amount of proton donor. It is said that the product yields reflect the thermodynamic behavior of naked or non-chelated enolates.
In our previous paper, 10) the deuterium exchange reaction of methyl alkyl ketones was carried out using CH 3 ONa in CH 3 OD. A linear relationship with a good correlation coefficient (0.97) was obtained between the observed E a values and the Hartree-Fock E a values without solvent effects using ab initio MO methods. The E a value for proton abstraction from the methyl group in 1 was smaller than that for proton abstraction from the a-carbon of the ethyl group in 1. The energy of the optimized geometry of the naked enolate 4a was higher than that of 3 (3a, 3b). However, under conditions of equilibrium control in methanol, the enolate yields reflect the stability of the enolate anions, i.e., 4a is more stable than 3a in protic solvents. 8) Our Hartree-Fock energies of the enolates therefore appear to be in conflict with general theory.
To resolve this conflict and to elucidate the mechanism of the first deprotonation step in electrophilic substitution reactions, the energies of each complex without M ϩ chelation were calculated by considering solvent effects and employing Møller-Plesset perturbation theory (MP method) as the elec- 
Experimental
Computational Procedures MO calculations were carried out using the Gaussian98 12) and Gaussian03 13) program. The geometries and energies of each complex in the deprotonation of 1 with 2 were calculated using the conventional model where the oxygen atom of 2 approaches the active hydrogen atom of the alkyl group of 1 along the axis of the C-H bond. The most stable conformation of the methoxide fragment in complex was shown in Fig. 2 . The optimized geometry in the transition state (TS) was initially determined using HF/6-31ϩG(d, p) followed by IRC calculations to give complex I (C-I) and complex II (C-II) under solvent-free conditions (Figs. 3,  4) . The energies of the solvent-free complexes were calculated with MP3/6-31ϩG(d, p) level. For the energies of the complexes in CH 3 OH, the calculations were performed with a static isodensity surface polarized continuum model (IPCM) using conventional methods, MP3/6-31ϩG(d, p) level.
11) The value of the dielectric constant e of methanol for IPCM model is 32.66 at 298 K. The vibrational modes of all transition states were confirmed by frequency analysis.
Results and Discussion
The deprotonation of 1 with 2 is usually carried out in a protic solvent such as an alcohol. It is considered that complexes in methanol exist as the naked (non-chelated) form without a countercation from the base catalyst.
Geometries of Each Complex for Deprotonation of Methyl and Ethyl Groups of 1a with Methoxide
The calculated data (optimized geometries and energies) for C-I a , TS a-M , and C-II a-M in the deprotonation of the methyl group of 1a with 2 (path-3a in Fig. 1 ) under solvent-free conditions were shown in Fig. 3 . As the reaction proceeded from C-I a to C-II a-M via TS a-M , the methoxide anion abstracted an active hydrogen atom from the methyl group of 1a, rotating about the axis of the C-H bond. The C . Next, the deprotonation of the ethyl group of 1a with 2 (path-4a in Fig. 1 ) was investigated. The geometry of C-I a in path-4a obtained by the IRC method was the same as in path3a. The optimized geometries, bond lengths (Å), and energies of C-I a , TS a-E and C-II a-E were shown together with the complexes in path-3a in Fig. 3 ) in C-I a , TS a-E and C-II a-E were located in the same plane. The hybridization of the C 3 atom of the ethyl group changed from sp 3 to sp 2 during the deprotonation process. The other structural changes were similar to those in the case of deprotonation of the methyl group of 1a. The E a of path4a was 4.94 kcal mol
Ϫ1
, and the Z-enolate anion was produced. Fig. 4 were higher than those of the corresponding complexes in Fig. 3 , the value of E a (4.87 kcal mol
Geometries of Each Complex for Deprotonation of Methyl and Ethyl Groups of 1b with Methoxide

Ϫ1
) was similar to that of the complex from the methyl group of 1a.
The optimized geometries, bond lengths (Å), and energies of C-I b , TS b-E , and C-II b-E for the deprotonation of the ethyl group of 1b (path-4b in Fig. 1 The structural changes were similar to those of the deprotonation of the methyl group of 1b. Again, the heavy atoms of the enolate moiety were in the same plane in C-II b-E , and the E-enolate anion was produced. The energies (E C-I , E TS and E C-II ) of each complex and the values of E a for the proton abstraction of 1 were summarized in Table 1 . The energies and E a values for the deprotonation of the ethyl group of 1a were all larger than those for the deprotonation of the methyl group. This result indicates that the reaction via path-3a proceeds more readily both thermodynamically and kinetically than the other possible reaction paths. However, these calculated results are in conflict with the experimental conclusion 8, 9) that the Z-enolate 4a is easily generated under conditions of equilibrium control. If we compare the reactivity of the ethyl group of 1a and 1b, the E a for 1a is smaller than that for 1b. It can therefore be concluded that proton abstraction from the ethyl group of 1a proceeds kinetically. As shown in Fig. 1 , the E-enolate anion is generated via proton abstraction from the ethyl group of 1b and the Z-enolate anion is obtained via proton abstraction from 1a.
Influence of Solvent on the Energies of Each Complex in Deprotonation of 1 with Methoxide Anion in Methanol
The IPCM model was used to perform energy calculations in order to resolve the discrepancy between the calculated data under solvent-free conditions and the experimental results. 8, 9) Using the optimized solvent-free conformation of each complex (C-I, TS and C-II), the energies of each complex in methanol were calculated with MP3/6-31ϩG(d, p) level. The calculated results were shown in Table 2 . The small value of E a for path-3a indicates that proton abstraction from the methyl group of 1a in methanol proceeds kinetically more easily than the other pathways. According to the most stable C-II a-E in Table 2 , we concluded that the Z-enolate anion 4a is thermodynamically generated from 1a under conditions of equilibrium control in methanol.
Conclusion
Electrophilic substitution reactions of 1 with 2 are usually carried out in protic solvents such as alcohols. Therefore, MO calculations for the mechanism of the deprotonation step were performed taking the solvent effect into consideration. According to the calculations, the naked enolate anion 3a was obtained kinetically most easily from 1a in the deprotonation. The equilibrium between the ketone and the enolate ion was elucidated by the thermodynamic stabilities of the complexes C-I and C-II. It can therefore be concluded that the Z-enolate anion 4a is thermodynamically generated from 1a under conditions of equilibrium control in methanol.
In conclusion, it is suggested that the IPCM method is useful for understanding the regioselectivity of the deprotonation reaction energetically. The detailed study on the mechanism of this reaction using another solvation model will be reported in the near future.
